Bound orbits have traditionally been assigned to the Large and Small Magellanic Clouds (LMC and SMC, respectively) in order to provide a formation scenario for the Magellanic Stream (MS) and its Leading Arm (LA), two prominent neutral hydrogen (HI) features connected to the LMC and SMC. However, Hubble Space Telescope (HST) measurements of the proper motions of the LMC and SMC have challenged the plausibility of bound orbits, causing the origin of the MS to re-emerge as a contested issue. We present a new tidal model in which structures resembling the bifurcated MS and elongated LA are able to form in a bound orbit consistent with the HST proper motions. The LMC and SMC have remained bound to each other only recently in our model despite being separately bound to the Milky Way for more than 5 Gyr. We find that the MS and LA are able to form as a consequence of LMC-dominated tidal stripping during the recent dynamical coupling of the LMC and SMC. Our orbital model depends on our assumption that the Milky Way has a constant circular velocity of V cir = 250 km s −1 up to 160 kpc, which implies a massive isothermal halo that is not completely rejected by observations.
INTRODUCTION
The Magellanic Stream (MS) is a massive trail of HI gas which lags behind the LMC and SMC in their orbit about the Milky Way (MW). On the leading side of the orbit is a network of HI clumps known collectively as the Leading Arm (LA), and in the region between the LMC and SMC is the Magellanic Bridge. A number of numerical models have provided a dynamical origin for these gaseous features whereby gas is stripped away from the SMC disk by tidal gravitational forces: Murai & Fujimoto 1980 (MF80) , Gardiner & Noguchi 1996 (GN96) , Yoshizawa & Noguchi 2003 , Connors et al. 2006 . In these traditional tidal models, the Magellanic Stream is stripped away ∼1.5 Gyr ago coinciding with a close encounter with the MW.
This formation scenario has recently been cast into doubt by the HST proper motion study of Kallivayalil et al. (2006a Kallivayalil et al. ( , 2006b : whereas the traditional tidal models rely on a succession of close encounters between the L/SMC and MW, the HST data seem to imply that such bound orbits Email: jonathan.diaz@icrar.org are implausible (Besla et al. 2007 ). This has led to a recent proposal that the MS may have formed within a first passage orbit about the MW (Besla et al 2010, hereafter B10) . The conclusion of unbound L/SMC orbits, however, strongly depends on the adopted profile of the MW halo, as demonstrated by Shattow & Loeb (2009, hereafter SL09) . SL09 revise the MW mass profile of Besla et al. 2007 to agree with new measured values of the MW circular velocity and find that the LMC is most likely bound to the MW with a long (∼6 Gyr) orbital period (references for the increased value of Vcir are given in Table 1 ). These conclusions must again be revised if one considers the steep MW mass profile adopted by the tidal models, i.e., an isothermal sphere.
Here we present a numerical model based upon the traditional tidal model (e.g., MF80 and GN96) but with two important differences: we incorporate proper motions for the LMC and SMC within 1σ of the HST values, and motivated by SL09 we parametrize the MW isothermal halo with an increased circular velocity of Vcir = 250 km s −1 . We retain an orbital scenario in which the LMC and SMC remain bound to the MW for more than 5 Gyr, and we furthermore demonstrate that structures resembling the MS, Bridge, and LA arXiv:1101.2500v1 [astro-ph.GA] 13 Jan 2011 can plausibly form within the orbit. Unlike the traditional models, however, the pericentric passage about the MW in our orbit (also occurring at ∼1.5 Gyr ago) does not contribute to the tidal stripping of the SMC disk. Instead, the tidal stripping occurs during the formation of a strong LMC-SMC binary pair ∼1.2 Gyr ago.
Because the present model is somewhat idealized (e.g., neglect of self-gravity, neglect of gas physics, adoption of an isothermal sphere), one should regard the present work as a stepping stone between the traditional models of the past and the more robust and realistic models to be developed in the future. We also stress that the latest proper motion measurements of the LMC, derived from the motions of 3822 stars by Vieira et al. (2010) , implies that the LMC's present velocity is ∼ 340 km s −1 (±48 km s −1 ), which is significantly lower than the earlier result (∼ 380 km s −1 ) derived from the motions of only 810 stars by Kallivayalil et al. (2006a) . Thus, we may not need to adopt an LMC velocity as high as that of the present model (∼ 360 km s −1 ), but we retain this value in order to demonstrate that the tidal origin of the MS can still be preserved in a bound orbit with a large LMC velocity.
NUMERICAL MODEL
We take our numerical framework from MF80: first, we perform a three-body orbit integration from the present day to 3 Gyr in the past, using fixed potentials and dynamical friction; and second, we evolve an exponential disk of 40,000 test particles along the previously computed SMC orbit. Initial conditions for the orbit integration are taken from the observational constraints listed in Table 1 . Because we adopt proper motion values within 1σ of the HST values, our present-day L/SMC velocities are much larger than those of the traditional models. For instance, the C06 galactocentric tangential velocities are 287 km s −1 (LMC) and 255 km s −1 (SMC), compared to our values of 355 km s −1 and 329 km s −1 , respectively. Following the traditional tidal models, the LMC and SMC are represented by Plummer potentials (having scale radii KL = 3 kpc and KS = 2 kpc, respectively), and their masses are taken to be 2×10 10 M and 3×10 9 M , respectively. These masses are consistent with the observed rotation curves derived by Kim et al. (1998) for the LMC and Stanimirović et al. (2004) for the SMC. Also following the traditional models, we adopt an isothermal profile for the MW halo, for which the potential is φ = −V 2 cir ln(r). This choice allows us to adopt equation 7-23 of Binney & Tremaine (1987) for the dynamical friction experienced by the LMC and SMC as they orbit through the MW halo. Even though more realistic MW profiles exist (such as the NFW halo of Navarro et al. 1996) , we purposely mimick the numerical framework of the traditional tidal models in order to demonstrate that the conflict with the HST proper motion data can be resolved by a simple change of parameters.
We conducted a large parameter space search over a range of values for Vcir and the proper motions µN µW of the LMC and SMC, with the goal of finding models which adequately reproduced the MS and LA. We did indeed find a number of strong candidates, and the values of Table 1 parametrize a representative choice out of this group. Ac- cordingly, the results of our study are not tied down to these exact parameter choices but are valid over a flexible range. We could not find a model which adequately reproduced the MS or LA for Vcir = 220 km s −1 , even though the traditional tidal models adopt this value. Instead, we find that the MS and LA are more faithfully reproduced when adopting increased Vcir values, agreeing with the recent work by Ruzicka et al. (2010) . The present model incorporates a value of Vcir = 250 km s −1 , which is supported by a number of recent observational studies (see Table 1 ).
RESULTS
The LMC and SMC remain tightly bound to the MW in our model (see Fig 1, top panel) with a short orbital period of ∼1.5 Gyr. This bound orbit is a consequence of the steep MW mass profile implied by our adopted isothermal halo. Within 50 kpc (i.e., the closest approach of the LMC) the enclosed mass is ≈ 0.7 × 10 12 M , and within 150 kpc (i.e., approximately the farthest distance of the LMC) the enclosed mass is ≈ 2.2 × 10 12 M . This MW mass profile is not ruled out by observations because constraints on the MW halo do not exist out to 160 kpc, which is the furthest extent of the LMC and SMC orbits in our model (see Figure 1) . Gnedin et al. (2010) provide observational constraints out to 80 kpc, and our MW mass is reasonable albeit high in comparison with their results to that radius.
The binary state of the LMC and SMC is a recent phenomenon in our model, occurring only within the last ∼1.6 Gyr. The LMC and SMC have executed two close passages in that time, the first 1.2 Gyr ago (coming within 6.2 kpc of each other) and again 0.25 Gyr ago (4.6 kpc). These close encounters exposed the SMC disk to strong LMC tidal forces (see Fig 1, bottom panel) which stripped away the MS and LA from the SMC disk at the first encounter (t = −1.2 Gyr), and which formed the Bridge after the second encounter (t = −0.25 Gyr). From Fig 1 it is clear that the LMC dom- (2000) a Represented in a galactocentric frame (GSR). inates the tidal field during the stripping epoch, in contrast to past models in which the MW also participates in the stripping process (e.g., GN96, C06). By integrating the orbit back to 5.5 Gyr ago, we find the LMC and SMC each independently stay within 160 kpc of the MW, whereas the LMC-SMC separation exceeds 200 kpc. This is suggestive of a scenario in which the LMC and SMC may have originally formed as independent satellites of the MW and were furthermore separated by large distances at the time of formation (Bekki et al. 2004) . In this scenario, their subsequent orbital evolution through the MW halo gradually brought them closer together until the LMC was able to capture the SMC into its orbit and form a tightly bound binary pair. In our model, the onset of this binary pair provides the physical mechanism for the formation of the MS.
As seen in Figure 2 , our simulated MS exhibits good positional agreement with observations, particularly the curvature at its base and the slender extent across ∼100
• degrees in the sky. More that 95% of the particles in the MS originate beyond 3 kpc in the initial SMC disk, where stellar populations are thought to be low (Yoshizawa & Noguchi 2003) . We accordingly interpret our MS as being strictly gaseous. The approximate ratio of particles in the MS as compared to the LA is two-to-one for our model, although observations indicate a mass ratio of four-to-one (Bruns et al. 2005) . As discussed in the next section, interactions with the MW hot halo may help to resolve this discrepancy.
At positive galactic latitudes b > 0 • , the position and extent of the LA provides a crude but promising correspondence with observations. In fact, our model suggests a new interpretation of the LA: rather than being a single fractured structure (C06), the LA may be composed of two separate branches with distinct origins. One branch (l > 285
• , colored green in Figure 5 ) of the LA originates from a similar region of the disk as the MS, whereas the other branch (l < 285
• , red in Figure 5 ) is pulled from the outermost part of the SMC disk. The color-coding of Figure 5 applies to Figure 6 as well, which displays the SMC disk right before it is disrupted at t = −1.23 Gyr. The discrepancy in density of the two LA branches can be attributed to the fact that the low-density branch ((l < 285
• , red) arises from a much more tenuous region of the SMC disk, seen at left in Fig 6. During the past 0.3 Gyr, both branches of the LA are rapidly stretched to positive galactic latitudes. It is clear that the MW drives this process: the elongation occurs in the leading direction of the L/SMC orbit about the MW, and moreover it occurs as the MW pericenter is approached. This process transfers considerable kinetic energy to the particles of the LA, manifested as large galactocentric velocities (Fig 3) . Though the LA velocity profile is offset from observations by as much as 150 km s −1 , interactions with the hot halo may be able to mitigate the discrepancy, as discussed in section 4.
As first noted by Putman et al. (2003, hereafter P03) , the Magellanic Stream possesses an intertwining filamentary structure across its entire length with a number of obvious spatial bifurcations. Such substructure within the MS is not exhibited in the on-sky projection of particles in our model (Figs 2 and 5), but it does indeed appear within the threedimensional distribution of particles. We have provided an animation as supplementary online material which makes this point clear (see Appendix) and which furthermore reveals that the MS is composed of two bifurcated filaments. These filaments are not identifiable in Figs 2 and 5 simply because the on-sky projection provides an unfavorable point of view. As discussed below, the MS bifurcation in our model is in fact an imprint of structures which formed originally within the SMC disk.
As noted earlier, our model (hereafter, the fiducial model ) follows the evolution of the SMC disk from t = −3 Gyr (when it is completely undisturbed) to t = 0 Gyr (when the MS, LA, and Bridge have fully formed). If we instead place an undisturbed SMC disk into the orbit at t = −1.23 Gyr and let it evolve to the present day, we can effectively remove the influence of the interactions previous to t = −1.23 Gyr. In particular, the MW pericentric passage occurring 1.5 Gyr ago may be removed from the orbital dynamics in this way. The resulting test particle distribution is shown at left in Fig 4 and the corresponding projection for the fiducial model is shown at right in Fig 4. Remarkably, the global features of our fiducial model are preserved in the t = −1.23 Gyr model, including the positions, orientations, densities, and velocities of the MS, LA, and Bridge. This nicely verifies what we stressed previously: the MW pericenter at t = −1.5 Gyr does not contribute to the formation of the MS. Noticeably different in this new model, however, is a uniform distribution of particles within the MS. Since the interactions subsequent to t = −1.23 Gyr are not able to induce bifurcation within the MS, we must conclude that the bifurcation in our fiducial model was created prior to t = −1.23 Gyr, when the SMC disk was still fully intact.
Before t = −1.23 Gyr, we see from Fig 1 that the SMC disk was influenced by comparably weak MW and LMC tidal fields. Inspecting the state of the SMC disk at t = −1.23 in Fig 6, we find that these weak tidal fields are indeed able to disturb the disk without disrupting it, creating intricate tidal features and warps. In particular, the region of the SMC disk which eventually constitutes the MS (i.e. colored blue in Fig 6) exhibits non-uniform densities across a sharp ridge. These complex structures are subsequently imprinted into the MS when it is stripped away from the SMC disk, providing the seed for the bifurcated filaments in the fiducial model. Likewise, the model which avoids this epoch of weak tidal fields accordingly imprints a uniform distribution of particles into the MS.
DISCUSSION AND CONCLUSIONS
We find that a simple change of parameters permits a new formation scenario for the Magellanic Stream within the framework of the traditional tidal models. In particular, the MS can suitably form in a bound orbit about the Milky Way via LMC-dominated tidal stripping of the SMC disk. The B10 model supports a similar stripping mechanism, although they adopt an unbound orbit about the MW. Because both bound (this work) and unbound (B10) orbital scenarios appear plausible, the formation of the MS may not supply a strong condition on whether the L/SMC are bound to the Milky Way.
Nevertheless, our bound model suggests that the presence of the Milky Way has two important impacts: first, the strong MW tidal field during the most recent MW pericentric passage is able to elongate the LA to b ≈ 30
• ; and second, the combined weak tidal fields of the MW and LMC from t = −3 Gyr to t = −1.2 Gyr are responsible for creating bifurcated filaments within the MS. Because a first passage orbit relegates the MW to a peripheral role, the B10 model failed to reproduce these two features. Moreover, if the observed bifurcation of the Magellanic Stream (P03) can indeed be linked to the tidal field of the MW prior to the epoch of stripping, an obvious conflict arises with the first passage scenario. We unfortunately cannot assess such claims here because the present model is too simple (e.g., test particle method, neglect of gas physics) to accommodate an intricate analysis of the MS.
In our subsequent work (Diaz & Bekki 2011) we have overcome this simplicity by extending the present model to include self-gravity and a gas-dynamical drag term. The drag is proportional to the ram pressure encountered by the particles of the MS and LA as they orbit through the gaseous MW hot halo (Gardiner 1999) . We find that the drag force is able to reduce the total number of particles in the LA and retard their velocities, thereby mitigating the discrepancy with observations for the MS-to-LA mass ratio and the velocity profile of Fig 3, respectively. Additionally, we find that the presence of drag enhances the on-sky bifurcation of the MS by reducing its velocity dispersion. Though this follow-up study is only preliminary, it suggests that our model exhibits a number of promising features which deserve deeper investigation. In particular, a fully hydrodynamical treatment may help illuminate how the LA is able to evolve from a continuous tidal feature into a discrete set of clumpy cloudlets (Bruns et al. 2005 ).
Although we chose an isothermal MW halo to purposefully imitate the traditional tidal models, this choice threat- ens the credibility of our model. The isothermal halo produces a steep mass profile which artificially ensures that the rotation curve of the MW remains flat. These conditions are not very realistic, especially at the large radii (50 kpc to 150 kpc) probed by the LMC orbit about the MW. A more reasonable choice for the MW halo is, for instance, the NFW halo adopted by SL09. As a consequence, the SL09 orbits are more plausible: they are bound but with considerably longer periods about the MW (∼6 Gyr versus ∼1.5 Gyr in our model).
As discussed in B10, the traditional scenario for the formation of the MS (e.g., GN96) is incompatible with these long-period orbits. However, we have proposed a stripping mechanism which is independent of the MW pericenter and in principle does not conflict with the long-period orbits of SL09, i.e., strong tidal forces associated with the formation of a recent LMC-SMC binary pair. In this sense, our proposed MS formation scenario will likely survive even when the present model is replaced with more realistic MW halos and more plausible orbits.
While our model and the B10 model both support an LMC-dominated stripping mechanism, there is a clear difference in the supplementary role played by the MW. In our bound model, the MW mediates the binary action of the LMC-SMC pair, guiding them into a recently formed short-period orbit. In the unbound B10 model, the binary action of the LMC and SMC is predetermined as a two-body system in isolation of the MW. The particular LMC-SMC orbit of the B10 model is furthermore curious in that the SMC is presently approaching the LMC. This is in apparent contradiction with the observed LMC-SMC relative velocity (Kallivayalil et al. 2006b ).
Our orbital model -in particular the formation of the recent LMC-SMC binary pair -may provide insights into a number of outstanding research questions. Harris & Zaritsky (2009) have determined that the star formation histories of the LMC and SMC are coupled, with two correlated epochs of star formation occurring ∼2 Gyr ago and ∼0.5 Gyr ago. Although the timing of the two close LMC-SMC passages in our model are not exactly consistent with the timing of these burst epochs, the present study may well imply that such starbursts could be associated with two strong tidal interactions between the LMC and SMC during their recent dynamical coupling. Our orbital model may also naturally explain why star formation fell into a quiescent epoch from 12 Gyr to 5 Gyr ago (Harris & Zaritsky 2009 ) because the LMC and SMC were separated by large distances and were unable to induce star formation in their respective disks.
The formation of a recent LMC-SMC binary pair has also been proposed by Bekki et al. (2004) to explain the unique distribution of ages among globular clusters of the LMC. Most of the LMC globular clusters were formed either at ancient times (∼13 Gyr ago) or at recent times (< 3 Gyr ago) (Da Costa 1991) . This puzzling ∼10 Gyr age gap was explained by Bekki et al. (2004) by invoking a recent epoch of globular cluster formation induced by strong interactions between the LMC and SMC. Though the orbital model of Bekki et al. (2004) is inconsistent with HST proper motion data, our present model indicates that a similar orbital scenario is still possible.
Drawing upon the framework of the traditional models, we have developed a well-constrained tidal model which reconciles the latest proper motion data (e.g. Kallivayalil et al. 2006a Kallivayalil et al. , 2006b Vieira et al. 2010) with the formation of the Magellanic Stream in a bound orbit. Our model furthermore suggests that the LMC and SMC may have been separate entities when they formed, and that many of their observed properties, including the existence of the MS and LA, can be attributed to their recent activity as a binary pair.
Even though the LMC velocity adopted by the traditional tidal models (e.g., ∼ 300 km s −1 for GN96 and C06) are inconsistent with the HST proper motion data, they are still valid to within 1-σ error of the LMC velocity ∼ 340±48 km s −1 implied by Vieira et al. (2010) . Taken together with our present model, these results indicate that bound orbits for the LMC and SMC are still viable in self-consistently explaining the properties of the MS and LA. Furthermore, we have shown that the MW circular velocity adopted by the traditional models Vcir = 220 km s −1 must be increased in order to retain a bound orbital history. Ruzicka et al. (2010) come to a similar conclusion, thus providing another piece of evidence that the higher velocities of the LMC and SMC may still be consistent with a bound MS formation scenario. Lastly, these tidal models rely on the key assumption that the MS originated in the SMC disk, and the recent abundance study of Fox et al. (2010) provides a strong observational justification for this assumption: the low metallicity at the tip of the MS is consistent with metallicities observed in the SMC disk but not the LMC.
JD is supported by a Sir Keith Murdoch Fellowship and a SIRF scholarship. We are grateful to the anonymous referee for constructive and useful comments. We thank Lister Staveley-Smith for thoughtful discussions and access to data used in Figs 2 and 3. the same spatial and kinematical features as our fiducial model, and the animation shows this clearly for the spatial distributions of the MS, LA, and Bridge. Remarkably, the animation shows that only difference between the two models is the substructure of the MS. Whereas the MS of the fiducial model is clearly bifurcated, the MS of the model which evolves from t = −1.23 Gyr exhibits a uniform distribution of particles. We accordingly interpret the MS bifurcation to be the result of weak tidal interactions between t = −3 Gyr and t = −1.23 Gyr when the SMC disk was still intact.
